Corticospinal excitability in the hand muscles decreases during smooth pursuit eye movement. The present study tested a hypothesis that the decrease in corticospinal excitability in the hand muscles at rest during eye movement is not caused by visual feedback but caused by motor commands to the eye muscles. Healthy men (M age ¼ 28.4 yr., SD ¼ 5.2) moved their eyes to the right with visual occlusion (dark goggles) while their arms and hands remained at rest. The motor-evoked potential in the hand muscles was suppressed by 19% in the third quarter of the eye-movement period, supporting a view that motor commands to the eye muscles are the cause of the decrease in corticospinal excitability in the hand muscles. The amount of the suppression was not significantly different among the muscles, indicating that modulation of corticospinal excitability in one muscle induced by eye movement is not dependent on whether eye movement direction and the direction of finger movement when the muscle contracts are identical. Thus, the finding failed to support a hypothetical view that motor commands to the eye muscles concomittantly produce motor commands to the hand muscles. Moreover, the amount of the suppression was not significantly different between the forearm positions, indicating that the suppression was not affected by proprioception of the forearm muscles when visual feedback is absent.
Introduction
Eye-hand coordination is indispensable for hand or arm movement tasks, such as reaching or grasping. There is a mathematical model explaining the mechanism underlying eye-hand coordination (Lazzari, Vercher, & Buizza, 1997) . Nevertheless, neural mechanisms underlying eye-hand coordination are still not well understood. Eye-hand coordination might be mediated by two central processes: one is guidance of eye movement by the hand motor center, and another is guidance of hand movement by the eye motor center. Guidance of eye movements by the hand motor center has been investigated in many studies. Saccade eye movement was faster when accompanied by arm movement (Snyder, Calton, Dickinson, & Lawrence, 2002) . The frequency of microsaccades decreased during smooth pursuit eye movements when participants tracked a visual target with their hands (Gauthier & Hofferer, 1976) . Visual tracking of a self-moved target was smoother than that of an externally moved target (Steinbach & Held, 1968) . Moreover, the delay in smooth pursuit eye movement of a visual target decreased when the hand was used as a target or when the hand tracked the visual target (Gauthier, Vercher, Ivaldi, & Marchetti, 1988; Vercher, Gauthier, Guedon, Blouin, Cole, & Lamarre, 1996) . These findings indicate that eye movement is partially guided by hand movement.
Guidance of hand movement by the eye motor center has been investigated by several other studies. Errors in wrist movement were fewer when accompanied by saccadic eye movements (Abrams, Meyer, & Kornblum, 1990) . The duration of arm movement to a target decreased when the arm movement was accompanied by saccadic eye movements (Gueugneau, Crognier, & Papaxanthis, 2008) . These findings indicate that hand movement is partially guided by eye movement.
Motor evoked potentials (MEP) elicited by transcranial magnetic stimulation (TMS), which transsynaptically activates the pyramidal cells to evoke indirect or direct waves in the corticomotoneuronal pathway (see review by Kobayashi & Pascual-Leone, 2003) , have been used to investigate modulation of corticospinal excitability in the arm or hand muscles induced by eye movement. In some studies, MEP was elicited by TMS using a round coil to investigate corticospinal excitability during eye movement. When TMS is delivered using a round coil, a whole population of the interneurons in the motor cortex must be activated. Thus, when MEP is elicited by a round coil, modulation of corticospinal excitability induced by eye movement must be mediated by whole population of the interneurons in the motor cortex. In other studies, a figure eight-shaped coil was used to investigate corticospinal excitability during eye movement. The figure eight-shaped coil induces specific direction of electrical current in the brain and selectively elicits a specific type of descending volley in the corticospinal pathway, i.e., an anterior-posterior current in the brain preferentially elicits the I 3 -wave and a posterior-anterior current in the brain preferentially elicits the I 1 -wave (Werhahn, Fong, Meyer, Priori, Rothwell, Day, et al., 1994; Sakai, Ugawa, Terao, Hanajima, Furubayashi, & Kanazawa, 1997) . I-waves are mediated by different interneurons; the I 3 -wave is mediated by long chains of interneurons, but the I 1 -wave is mediated by the interneurons directly connecting with the corticospinal neurons (Sakai, et al., 1997; Di Lazzaro, Oliviero, Profice, Saturno, Pilato, Insola, et al., 1998) . Thus, the interneurons of the motor cortex mediating excitation of the corticomotor pathway eliciting MEP are dependent on the direction of the figure eight-shaped coil. Accordingly, different modulation of corticospinal excitability represented by MEPs elicited by different coil positions reflects different neural connection between the interneurons in the motor cortex and eye movement system. Studies using a round TMS coil have failed to reveal modulation of corticospinal excitability in the hand or arm muscles before and during eye movement. MEPs in the biceps and triceps muscles were not modulated by eye movement when accompanied by elbow movement (Horino, Mori, Matsugi, Kamata, & Hiraoka, 2013) . MEPs in the hand muscles at rest were not modulated during the pre-movement phase of eye movement (Hiraoka, Kurata, Sakaguchi, Nonaka, & Matsumoto, 2013) . These findings indicate that the corticospinal pathway mediated by whole population of interneurons in the motor cortex is not modulated by an eye-movement preparation or execution process. In contrast, when MEP in the hand muscles was elicited by eightshaped coil, corticospinal excitability in the hand muscle was modulated by execution process of hand muscle. MEP in the first dorsal interosseous (FDI) muscle elicited by anterior-posterior current in the brain was facilitated by smooth pursuit eye movement, but the MEP elicited by posterior-anterior current in the brain was not modulated (Hiraoka, Ae, Ogura, Komuratani, Sano, Shiomi, et al., 2014) . The MEP in the hand muscles at rest elicited by posterioranterior current in the brain was suppressed during smooth pursuit eye movement (Maioli, Falciati, & Gianesini, 2007) . One suggestion of these conflicting findings is that different modulation of corticospinal excitability for the different coil positions reflects different neural connections between the interneurons in the motor cortex and the eye movement system. Moreover, findings in Maioli, et al. (2007) suggest that this suppression may be related to motor plan to the muscles. This suppression in some hand muscles that have a function moving the fingers in the direction identical to the direction of eye movement was smaller than that in the other hand muscles; the authors' interpretation was that motor commands to the eye muscles concomitantly produce motor commands to the hand muscles which move the finger in the direction of the eye movement, through a common descending pathway mediating both motor commands to the hand muscles and that to the eye muscles.
However, the results of Maioli, et al. (2007) require identification of the central process mediating the decrease in corticospinal excitability across the hand muscles during eye movement. Not only motor commands to the eye muscles but also visual feedback occurs during eye movements. It has been reported that visual processing modulates corticospinal excitability; e.g., observing an object increased corticospinal excitability in the FDI and opponent pollicis muscles at rest (Franca, Turella, Canto, Brunelli, Allione, Andreasi, et al., 2012) . Thus, the decrease in corticospinal excitability across the hand muscles during smooth pursuit eye movement observed in the previous study by Maioli, et al. may be related to visual feedback rather than motor commands to the eye muscles.
Hypothesis 1. If motor commands to the eye muscles are the cause of the decrease in corticospinal excitability during eye movements, the decrease must occur even with visual occlusion.
Another remaining question is whether decrease in corticospinal excitability in the hand muscles during eye movement, which suggests motor commands to specific hand muscles according to Maioli, et al. (2007) , may be caused by motor commands to the eye muscles or caused by visual feedback.
Hypothesis 2. If a muscle-dependent decrease in corticospinal excitability is caused by motor commands to the eye muscles, then such decrease must be present even with visual occlusion.
Method

Participants
Ten healthy men with a mean age of 28.4 yr. (SD ¼ 5.2) participated in this study. The mean score of the Edinburgh Handedness Inventory (Oldfield, 1971) was 94.2 (SD ¼ 16.4), indicating all of the participants were righthanded. The participants had no history of neurological disease, such as head injury, cerebral stroke, or neurodegenerative diseases. All participants gave written informed consent for study participation prior to the experiment, which was approved by the Ethics Committee of Osaka Prefecture University.
Apparatus
The participants sat with the right forearm and hand comfortably placed on a flat, rigid arm/hand support device. The longitudinal axis of the forearm was parallel to the sagittal plane with the right elbow in 90 flexion. The horizontal visual angle of the right eye was measured using a corneal reflection device (TK2901; Takei Kiki Co., Tokyo). In order to eliminate visual feedback, a set of goggles was covered with a visual-cut device with a light-emitting diode (LED) placed at the midline of the visual field and 30 cm in front of the eyes. An illuminometer-cum-light sensor was fixed on a goggle frame. The sensor measured eye movement in the dark as the reflection difference of the infrared beam directed on the right eye between the cornea and the sclera. Electromyographic (EMG) activities were recorded from the FDI, abductor pollicis brevis (APB), and abductor digiti minimi (ADM) muscles using Ag/AgCl surface electrodes placed in a belly tendon montage in which the cathode was over the belly of the target muscle, and the anode was over the tendon of that muscle. The EMG signals were amplified (MEG-2100 amplifiers; Nihon Kohden, Tokyo) with a band-pass filter from 15 to 3 kHz. The amplifier gain was set at 20000 for recordings. The analog signals of the corneal reflection device and the EMG signals were converted to digital signals at a sampling rate of 10 kHz using A/D converters (Power-Lab800s; AD Instruments, Colorado Springs, Colorado, USA, and PowerLab2/26; Unique Acquisition, Unique Medical, Tokyo) and stored on personal computers.
Eye Movement
At the beginning of each trial, the participants were asked not to blink. The participants gazed at the LED light for 3 sec. (control period). In response to the LED light turning off, the participants were instructed to freely move their eyes to the right. The pre-onset period was defined as the time window between 0 and 100 msec. before eye-movement onset. Eye movement was divided into four periods in order to compare the difference in MEP amplitude among the eye movement periods: the time window between the onset of the eye movement and the time at which the right eye completed 1/4 of the eye movement excursion (1st period); the time window between the completion of 1/4 of the eye movement and the completion of 1/2 of the eye movement by the right eye (2nd period); the time window between the completion of 1/2 of the eye movement and the completion of 3/4 of the eye movement by the right eye (3rd period); and the time window between the completion of 3/4 of the eye movement and the offset of the eye movement (4th period).
TMS
TMS was administered by a figure eight-shaped coil with an outer diameter of 99 mm (YM-131B; Nihon Kohden) connected to a magnetic stimulator (SMN-1200; Nihon Kohden). The maximum intensity of the magnetic field generated was 1.03 T. The coil was placed tangentially to the scalp with the handle pointing backward and laterally at a 45 angle to the sagittal plane, inducing a posterioranterior current in the brain. The hotspot of the left primary motor cortex, where the maximum MEP was elicited in the FDI muscle, was located by eliciting MEPs at different sites by displacing the coil sequentially. The resting motor threshold of the MEP in the FDI muscle was defined as the minimal intensity of TMS producing an MEP amplitude larger than 50 mV in at least 5 out of 10 stimulations (Rossini, Barker, Berardelli, Caramia, Caruso, Cracco, et al., 1994) . The TMS intensity during the experiment was at the level producing an MEP with an amplitude of 500-1000 mV in the FDI muscle in the pre-onset period in the pronated position.
Procedure
First, 10 trials were conducted without TMS with the forearm in the pronated position. Trials with TMS were conducted after the trials without TMS. In the trials with TMS, the forearm was in either the pronated or supinated position. TMS was administered before or during eye movement. The position of the forearm and the TMS timing (delay of TMS from eye movement onset) were randomly altered trial by trial. Trials with TMS applied outside of either of the defined periods, trials with incomplete eye movements, trials with eye-blinks, trials with eye movements before the LED light turned off, and trials with EMG bursts before eye movement onset were discarded as the experiment proceeded. The experimental trials continued until 10 successful MEPs were obtained for each period in each forearm position.
Data Analysis
The reaction time (RT) of eye movement, the horizontal visual angle at the offset of the eye movement, and the duration of the eye movement were estimated from the trials without TMS. The horizontal visual angle at the moment TMS was applied was calculated in the trials with TMS. The EMG traces were rectified, and the pre-stimulus background EMG amplitude was estimated in the time window between 10 and 110 msec. before TMS. The MEP amplitude was estimated on a peak-to-peak basis. The baseline MEP amplitude was defined as the MEP amplitude in the control period across the two forearm positions. The MEP amplitude was normalized as a percentage of the baseline amplitude. Normality of the data was assessed through visual inspection of the output of a normal Q-Q Plot. Before conducting analysis of variance (ANOVA), variance homogeneity of the data was tested using Levene's test. When Levene's test rejected the variance homogeneity of the data, then Friedman's test was conducted instead of ANOVA. Two-way ANOVA was conducted for testing two main effects on pre-stimulus background EMG amplitude (2 positions Â 2 periods). Three-way ANOVA was conducted for testing three main effects on MEP amplitude (2 positions Â 5 periods Â 3 muscles). When ANOVA revealed a significant difference in the main effects without significant interaction, a post hoc test (Bonferroni multiple comparison test) followed. A paired t test was used when testing the difference between two means. The alpha level was .05. Data were presented as means and standard deviations.
Results
Eye Movement
In only 3 of 10 participants, eye movement was characterized by microsaccades ( Figure. 
Pre-stimulus Background EMG Amplitude
The pre-stimulus background EMG amplitude in the FDI muscle was not significantly different among the forearm positions (F 1,108 ¼ 0.34, p ¼ .56, Z 2 ¼ 0.00) and among the periods (F 5,108 ¼ 0.01, p ¼ 1.00, Z 2 ¼ 0.00) and there was no significant interaction (F 5,108 ¼ 0.04, p ¼ 1.00, Z 2 ¼ 0.00; Figure. 3). The prestimulus background EMG amplitude in the ADM muscle was not significantly 
MEP
The hotspot was 5.9 cm (SD ¼ 1.0) lateral to and 1.4 cm (SD ¼ 1.1) anterior to the vertex. Mean of the TMS intensity was 81.6% (SD ¼ 14.4) of the maximum stimulator output and TMS intensity was ranged from 58 to 100% of the maximum stimulator output. In the FDI muscle in the control and the pre-onset period, Levene's test revealed that the variance in MEP amplitude was significantly different among the conditions, i.e., between the control and pre-onset periods and between the forearms (F 3,36 ¼ 4.81, p ¼ .01). The MEP amplitude in the FDI muscle was not significantly different among the conditions (the control and the pre-onset periods and the forearm positions) according to Friedman's test (p ¼ .47) as shown in Figure. 4a. MEP amplitude in the ADM muscle was As shown in Table 1 , three-way ANOVA revealed significant differences in MEP amplitude among the periods (F 4,270 ¼ 2.89, p ¼ .03, Z 2 ¼ 0.04), but did not indicate significant differences among the muscles (F 2,270 ¼ 0.65, p ¼ .52, Z 2 ¼ 0.01) or between forearm positions (F 1,270 ¼ 3.39, p ¼ .07, Z 2 ¼ 0.01). There were no significant interactions between the muscles and forearm positions, between the muscles and periods, between the forearm positions and the periods, or among the muscles, forearm positions, and periods (Table 1) . A post hoc test revealed that the MEP amplitude in the 3rd period was significantly smaller than that in the pre-onset period (p ¼ .02; Figures. 5 & 6) . The suppression of the MEP in the 3rd period was 20% (SD ¼ 19). The suppression of the MEP in the 3rd period was 16.5% (SD ¼ 21.4) in the participants without microsaccades and was 20.5% (SD ¼ 22.9) in the participants with microsaccades.
Discussion
In the present study, MEP in the hand muscles was suppressed either in the pronated or supinated position of the forearm during eye movement with visual occlusion. Nevertheless, the amount of the suppression was not significantly different among the muscles. These findings indicate that motor command to the eye muscles decreases corticospinal excitability across the hand muscles, but did not induce motor commands to the specific hand muscles as Maioli, et al. (2007) assumed.
Methodological Considerations
The simple RT of eye movement observed in the present study was longer than the choice RT of eye movement, which was 220-290 msec. ( Gribble, Everling, Ford, & Mattar, 2002) . The prolongation of the simple RT of eye movement observed in the present study must be due to the participants not hastening to move their eyes in response to the start cue. The presence of microsaccades was not related to modulation of corticospinal excitability during eye movement with visual occlusion, because the amount of the suppression of the MEP was similar between the participants with microsaccades and those without microsaccades. Blinking sometimes occurred before and during eye movement, and premature eye movement sometimes occurred before the start cue. However, blinking or premature eye movement did not affect the findings, because these trials were discarded. It has been well established that MEP is affected by baseline EMG (Devanne, Lavoie, & Capaday, 1997) . Nevertheless, changes in baseline EMG activity can not be the cause of the suppression of the MEP, because trials with EMG bursts were discarded and the pre-stimulus baseline EMG amplitudes were not significantly different among the eye movement periods, indicating that baseline EMG activity was similar across the eye movement periods. 
Eye Movement With Visual Occlusion
Corticospinal excitability in the hand muscles was not significantly modulated in the premovement phase of eye movement in the present study. A previous study failed to find modulation of corticospinal excitability in the hand muscles during the pre-movement phase of eye movement . These findings indicate that preparation process of eye movement does not affect corticospinal excitability in the hand muscles. MEP in the hand muscles was suppressed during eye movement with visual occlusion. This finding was consistent with a previous finding that the MEP was suppressed during smooth pursuit eye movement (Maioli, et al., 2007) but was inconsistent with another previous finding that the MEP elicited by posterioranterior current in the brain was not modulated during smooth pursuit eye movement (Hiraoka, et al., 2014) . The difference in the muscle tested is not related to the conflicting findings between the present study and the previous study by Hiraoka et al., because the muscle tested was the FDI muscle in the previous study by Hiraoka, et al. and the hand muscles including the FDI muscle in the present study. The forearm was in the pronated position, and the figure eight-shaped coil was directed so that posterior-anterior current was induced in the brain in both studies. The size of the MEP was similar between the two studies (300-500 mV). The only difference between the two studies is visual occlusion; visual feedback was present in the previous study by Hiraoka, et al. but was absent in the present study. Accordingly, the inconsistent finding between the two studies is explained by a view that visual feedback eliminates the decrease in corticospinal excitability during eye movement in the hand muscles at rest. Indeed, simply observing an object increased corticospinal excitability in the hand muscles at rest (Franca, et al., 2012) . In this study, automatic facilitation of the MEP in the opponens pollicis and the FDI muscles was observed within a small time interval after visual presentation of graspable objects. Such facilitatory effect on corticospinal excitability in the hand muscles during observation of an object and the effect of visual feedback eliminating the decrease in corticospinal excitability during eye movement may share the same mechanism.
The present study tested a hypothesis that the decrease in corticospinal excitability across the hand muscles induced by eye movement is mediated by motor commands to the eye muscles. In the present study, a decrease in corticospinal excitability was observed across the hand muscles during eye movement with visual occlusion, supporting a view that motor commands to the eye muscles are the cause of the decrease in corticospinal excitability during eye movement.
Another hypothesis was also tested: that motor commands to the eye muscles are the central process for motor commands to the specific hand muscles during eye movements. In a previous study, the suppression of the MEP induced by eye movement was small in the muscles that would move the fingers in the direction identical to the eye movement direction (Maioli, et al., 2007) . Maioli, et al. suggested that motor commands to these hand muscles lessened the decrease in corticospinal excitability in the muscle during eye movement. Based on this assumption, it was hypothesized that muscle-dependent decrease in corticospinal excitability during eye movement would occur even with visual occlusion, if it is mainly caused by motor commands to the eye muscles. It is an anatomical truism that activation of the FDI muscle causes leftward movement of the index finger, and activation of the APB muscle causes leftward movement of the thumb in the pronated position. In contrast, activation of the ADM muscle causes rightward movement of the little finger in the pronated position. The eyes moved to the right in the present study. Thus, if the assumption by Maioli, et al. is correct, then the decrease in corticospinal excitability in the FDI and APB muscles during eye movement must be larger than that in the ADM muscle in the pronated position of the forearm. However, the present finding did not support this hypothesis; the decrease was not significantly different among the muscles. Accordingly, muscle-specificity of decrease in corticospinal excitability during eye movement observed in the previous study by Maioli, et al. is likely caused by visual feedback rather than motor commands to the eye muscles. Given this, it is possible to suppose that hand motor process and visual process interact during eye movement.
Proprioceptive Feedback
The RT of the EMG burst was affected by arm position (Furubayashi & Kasai, 1990) , and the MEP amplitude in the hand muscles was affected by forearm position (Mitsuhashi, Seki, Akamatsu, & Handa, 2007) , indicating that proprioceptive afferent feedback affects excitability of the motor system. However, corticospinal excitability in the hand muscles decreased during eye movement with visual occlusion irrespective of the forearm position in the present study. This finding was inconsistent with a previous finding that corticospinal excitability of the hand muscles was suppressed during smooth pursuit eye movement with the forearm in the pronated position but was not suppressed with the forearm in the supinated position (Maioli, et al., 2007) . In the study by Maioli, et al. and the present study, the decrease in corticospinal excitability in the hand muscles was absent only during eye movement with visual feedback in the supinated position of the forearm. Thus, the conflicting findings between the present finding and the previous finding by Maioli et al. are reasonably explained by visual feedback eliminating the decrease in corticospinal excitability induced by eye movement, but only when proprioceptive input from the supinated forearm muscles is present.
Limitations and Conclusions
In the present study, an investigation was made of the effect of eye movement with visual occlusion on corticospinal excitability in the hand muscles at rest. One limitation of the present study is the lack of control data for the effect of eye movement with visual feedback; instead, the effect of eye movement with visual occlusion on corticospinal excitability in the present study was compared with the effect of smooth pursuit eye movement on corticospinal excitability in a previous study by Maioli, et al. (2007) . This comparison may weaken the conclusions because the experimental procedure in the present study and that in the previous study were not absolutely the same. The decrease in corticospinal excitability was observed only in the third quarter of the eye movement period, but a mechanism underlying the period-dependent decrease in corticospinal excitability was not elucidated in the present study. In addition, sample size was small, and power analysis of sample size was not conducted before the experiment in our present study. An experiment was conducted on large number of the participants in a previous study which is comparative with our present study (Maioli, et al., 2007) . Thus, small sample size without preliminary power analysis of sample size must be one limitation in our present study. Further studies are needed to resolve these issues.
Eye movement with visual occlusion decreased corticospinal excitability in the hand muscles, supporting a view that motor commands to the eye muscles are the cause of the decrease in corticospinal excitability in the hand muscles. Nevertheless, this decrease was not muscle-specific, indicating that motor commands to the eye muscles do not induce motor commands to the hand muscles. Proprioception of the forearm muscles may activate or inactivate the effect of visual feedback, cancelling the inhibitory effect of eye movement on corticospinal excitability in the hand muscles at rest.
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